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CHAPTER  1:  INTRODUCTION 
1.1  Background  and  Objectives 

Due  to  the  rapid  development  of  GaAs  technology,  monolithic  microwave 
integrated  circuits  (MMIC's)  have  been  receiving  considerable  attention  recently  1 11. 
The  low-loss  property  of  semi-insulating  GaAs  substrate  and  the  excellent  microwave 
performance  of  metal-semiconductor  field-effect-transistors  (MESFET's)  make  a 
truly  monolithic  microwave  integrated  circuit  feasible  for  the  first  time.  One  of  the 
main  requirements  of  MMIC's  is  the  miniaturization  of  passive  circuit  elements. 
Conventional  transmission  lines  can  only  support  waves  with  the  smallest 
possiblewavelength  equal  to  Xo/^e,,  with  Xo  being  the  free  space  wavelength  and  e, 
the  dielectric  constant  of  the  substrate  of  the  transmission  lines.  For  this  reason, 
slow-wave  structures,  which  support  wave  propagation  with  smaller  wavelengths 
than  conventional  transmission  lines,  are  very  suitable  as  the  transmission  structures 
in  MMIC's. 

There  are  several  slow-wave  structures  proposed  to  date.  One  of  them  is  the 
metal-insulator-semiconductor  (MIS)  slow-wave  structured],  which  employs  the 
lossy  semiconductor  layer  to  produce  the  slow-wave  propagation.  The  Schockty- 
contact  structure  [3],  [4],  a  variation  of  the  MIS  slow-wave  structure,  uses  the  same 
slow-wave  mechanism  but  in  which  the  wave  velocity  can  be  varied  via  DC  bias. 
Another  tunable  structure  is  the  optically-illuminated  coplanar  wavequide  [5],  [6], 
which  uses  optically  induced  electron-hole  plasma  in  the  lossy  layer  to  introduce  the 
slow-wave  propagation. 
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The  aforementioned  structures  have  the  drawback  of  being  inherently  lossy  due  to  the 
fact  that  it  employs  the  lossy  dielectric  to  create  slow-wave  mechanism.  Recently,  the 
crosstie-overlay  slow-wave  structure,  which  is  a  modification  of  the  structure  in  [7] 
for  easier  fabrication,  has  been  proposed  in  [8]  Instead  of  using  the  lossy  dielectric, 
the  crosstie-overlay  slow-wave  structure  uses  the  periodic  structure  to  create  the 
slow-wave  mechanism.  Fig.  1.1  shows  the  perspective  view  of  the  structure.  In  this 
structure,  the  periodic  crosstie  conductors  create  the  slow-wave  effect  by  separating 
the  electrical  and  magnetic  energy  propagating  in  the  structure. 

The  objectives  of  this  study  are  to  analyze  the  slow-wave  propagation  in  the  crosstie- 
overalv  slow-wave  structure  and  to  obtain  the  design  data  of  this  structure.  After  the 
characterizations  of  the  structure  are  performed,  these  data  will  be  applied  to  circuit 
design. 

1.2  Features  of  the  Crosstie  Overlay  Slow-Wave  Structure 

The  dielectric  overlay  between  two  conductors  has  been  utilized  in  the  MMIC  to 
create  high  capacitance  in  [91.  In  the  crosstie-overlay  slow-wave  structure,  this  high- 
capacitance  sections  are  periodically  inserted  into  common  transmission-lines  to  create 
the  slow-wave  effect.  The  perspective  view  of  the  crosstie  overlay  slow-wave  structure 
is  shown  in  Fig.  1.1  On  top  of  the  conventional  coplanar  waveguide  transmission 
line,  a  thin  dielectric  overlay  is  deposited,  and  then  periodic  conductors  are  evaporated. 
The  crosstie  conductors  make  the  structure  a  periodic  structure  in  the  propagation 
direction  (z-direction  in  Fig.  1.1).  The  side  view  and  the  cross-sectional  view  are 
shown  in  Fig.  1.2  and  Fig.  1.3  respectively.  From  the  side  view  in  Fig.  1.2,  we  can 
see  that  each  period  consists  of  two  sections:  (1)  the  one  with  crosstie  conductor. 


Periodic  crosstie  conductors 


Dielectric 

overlay 


CPW  conductors 


Substrate 


Fig.  1.1  The  Crosstie  Overlay  Slow-Wave  Structure. 


Periodic  crosstie 
conductos 


Fig.  1.2  The  sideview  of  the  structure. 
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Periodic  crosstie 
conductos 


Fig.  1.3(a)  The  cross-sectional  view  of  th  structure  for  section  A. 


CPW  conductors 


Fig.  1.3(b)  The  cross-sectional  view  of  th  structure  for  section  B 


5 


denoted  as  section  A,  and  its  cross-sectional  view  is  shown  in  Fig.  1.3(a),  and  (2)  the 
one  without  crosstie  conductoi,  denoted  as  section  B  and  its  cross-sectional  view  is 
shown  in  Fig.  1.3(b). 

The  slow-wave  mechanism  in  the  crosstie  overlay  slow-wave  structure  is 
created  by  the  separation  of  the  electric  and  magnetic  energy:  the  electric  energy  is 
concentrated  under  section  A’s  (low-impedance  sections),  while  the  magnetic  energy 
under  section  B’s  (high-impedance  sections). 

1.3  Periodic  Structures  and  Floquet's  Theorem 

As  stated  above,  the  crosstie  overlay  slow-wave  structure  is  a  periodic 
structure.  For  better  understanding  and  analysis  of  the  structure,  the  general  properties 
of  periodic  structures  will  be  elaborated  in  this  section. 

The  basic  theorem  underlying  the  analysis  of  periodic  structures  is  Floquet's 
theorem!  10],  which  states  that  the  fields  propagating  in  a  periodic  structure  are  periodic 
function  mes  a  propagation  factor,  or  expressed  as: 

0(x,y,z+d)  =  <t>(x,y,z)  e  j(5d  (j . i ) 

where  (3  is  the  propagation  constant  and  d  is  the  length  of  a  period. 

From  Floquet's  theorem,  we  can  expand  the  fields  into  Fourier  series  as: 

2nn  ^ 

4>(x,y,z)  =  £  <t>n(x>y)  cJ(P  d  z  =  X  V^y)  nZ 

n  n  (1.2) 


these  (3n’s  are  usually  called  spatial  harmonics. 
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The  k-(3  diagram  of  a  typical  periodic  structure  is  shown  in  Fig.  1 .4.  When 
kd  is  small  compared  to  ji  (d  is  small  compared  to  the  guided  wavelength),  as 
indicated  on  the  diagram  with  an  arrow,  the  kd-(5d  line  is  almost  a  straight  line,  which 
means  it  is  disperionless  in  this  frequency  range.  Therefore,  if  the  struture  is  used  as 
transmission  line,  the  operating  frequencies  should  be  chosen  around  this  range. 
When  pd=jt,  or  point  A  marked  on  the  diagram,  the  First  stopband  appears.  For 
bandstop  filter  applications,  the  stopband  center  frequency  is  at  this  point.  When 
pd=2tt,  or  point  B  on  the  diagram,  the  second  stopband  appears,  which  supports  fast 
wave  by  the  -1th  spatial  harmonic.  Therefore,  for  antenna  applications,  the  operating 
frequency  should  be  chosen  around  this  point. 
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dispersionless  region 


Fig.  1.4.  The  k0d-  P  d  diagram  of  a  periodic  structure. 
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CHAPTER  2:  ANALYSIS  AND  DESIGN 
2.1  Introduction 

After  the  propreties  of  the  crosstie-overlay  slow-wave  structure  are  elaborated 
in  chapter  1,  these  properties  will  be  utilized  in  this  chapter  to  develop  the  methods  of 
analysis,  and  then  these  methods  will  be  used  to  obtain  the  design  data  for  this 
structure. 

As  mentioned  in  chapter  1,  the  crosstie-overlay  slow-wave  structure  is  a 
periodic  structure.  Therefore,  Floquet's  theorem  will  be  incoporated  into  the  spectral 
domain  approach  (SDA)  to  analyze  the  propagation  characteristics  of  this  structure. 
Depending  on  when  Floquet’s  theorem  is  applied  in  the  procedure  of  analysis,  two 
methods  of  analysis  are  developed:  (1)  the  two-dimensional  spectral  domain 
approach,  which  will  be  elaborated  in  section  2.2,  and  (2)  the  cascaded  transmission 
line  method,  which  will  be  discussed  in  section  2.3. 

The  first  method  is  to  extend  the  conventional  SDA  into  a  two-dimensional 
method  based  on  Floquet's  theorem.  This  method  takes  into  account  the  effects  of 
the  discontinuities  between  junctions  of  the  uniform  transmission  lines.  The  second 
method  is  to  treat  the  crosstie-overlay  slow-wave  structure  as  a  periodic  cascaded 
transmission  lines.  The  conventional  SDA  is  used  first  to  obtain  the  propagation 
characteristics  of  each  transmission  line  and  then  Floquet's  theorem  is  applied  to  the 
transmission  coefficient  matrix  to  obtain  the  propagation  characteristics  of  the  whole 
structure.  The  first  method  has  the  advantage  of  being  more  precise  in  describing  the 
real  physical  situation,  yet  on  the  expense  of  extensive  numerical  efforts.  Although 
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the  second  method  neglects  the  discontinuities,  it  is  shown  to  be  reasonably  accurate 
and  lends  more  insight  into  the  design  consideration. 

2.2  The  Two-Dimensional  Spectral  Domain  Approach 

The  spectral  domain  approach  (SDA)  has  been  proven  to  be  effective  and 
efficient  in  characterization  of  planar  transmission  lines  in  the  past  two  decades 
[  1 1  ],[  12].  Compared  to  other  methods  of  analysis  for  planar  transmission  lines,  the 
SDA  has  the  advantages  of  simple  formulation  and  less  numerical  expense,  besides 
the  fact  that  it  is  a  full-wave  analysis  and  can  predict  the  dispersion  behaviors 
correctly. 

In  the  SDA,  the  Fourier  transform  is  applied  to  suppress  one  of  the  spatial 
dependence  (x-direction  in  Fig.  1.1)  and  the  partial  differential  equations  are 
transformed  into  ordinary  differential  equations.  Then,  the  boundary  conditions  are 
matched  in  the  transform  domain  (spectral  domain)  to  obtain  the  spectral  domain 
Green's  functions.  Since  the  differential  operators  are  replaced  by  multiplication 
factors,  only  algebraic  equations  are  handled,  which  makes  the  derivation  of  the 
spectral  domain  Green’s  function  very  easy. 

From  Floquet's  theorem,  the  fields  propagating  in  the  crosstie-overaly  slow- 
wave  structure  can  be  expanded  into  Fourier  series  in  the  propagation  direction  (z- 
direction  in  Fig.  1.1).  Therefore,  it  is  straightfoward  to  expand  the  SDA  into  a  two- 
dimensional  method  to  analyze  the  propagation  characteristics  of  the  crosstie-overlay 
slow-wave  structures. 
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The  following  derivation  is  based  on  the  immittance  approach  of  the  SDA 
developed  in  [13],  In  the  immittance  approach,  the  transmission-line  analogy  of  wave 
impedance  is  employed  and  the  matching  of  the  boundary  conditions  is  performed  by 
solving  the  transmission-line  equations.  This  approach  lends  more  physical  insight 
of  the  problem  and  alleviates  the  tedious  and  error-prone  formulations,  especially  in 
the  case  of  complicated  structures,  such  as  multi-conductor  or  multi-layer  structures. 


Refering  to  Fig.  1.1,  the  structure  is  divided  into  four  homogeneous  reg;on>- 
in  y-direction  in  Fig.  2.1,  except  conductors  between  regions,  which  are  assumed  to 
be  infinitesimally  thin.  From  Floquet's  theorem,  all  fields  in  the  four  regions  can  be 
expressed  as: 


Ey(x,y,z) 


Ey(“.PmP-y) 


^(ocx+pz+p^)  da 


(2.1) 


where  P  is  the  propagation  constant,  ex  is  the  x-direction  Fourier  transform  variable, 
and  Pn  is  the  z-direction  Fourier  series  variable  (spatial  harmonic). 


From  this,  we  recognize  that  all  the  fields  are  a  supersposition  of 
inhomogeneous  waves  propagating  in  the  direction  of  9  from  the  direction  of  z  axis 
where 


0=cos’( 


P  +  Pn 


V  a2+(p+Pn) 


(2.2) 


For  each  9  (each  spectral  component),  the  fields  can  be  decomposed  into  TE- 
to-y  and  TM-to-y  waves.  In  the  u-v  coordinates  defined  in  Fig.  2.2,  the  TE-to-y 
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region  4 


Periodic  crosstie 
conductos  layer 


Fig.  2.1  The  cross-sectional  view  of  the  crosstie-overlay  structure 
with  the  referenced  notations  marked  for  Sec.  2.2. 


Fig.  2.2  Relatived  positions  between  u-v  and  x-z  coordinates. 


waves  contains  (Ey,  Eu,  Hv)  fields  only  and  the  TM-to-y  waves  contains  (Hy,  Hu, 
Ev)  only.  Hence,  the  TE-to-y  and  TM-to-y  waves  can  be  represented  by  the 
euiqvalent  circuits  shown  in  Fig.  2.3  with  the  wave  impedance  of  each  region  defined 
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as: 


1  TMi= 


jcoepEj 

Yi 


jcop 


where  i=l,  2,  3,  4  denotes  the  regions  shown  in  Fig.  2. land 


(2.3) 


(2.4) 


Yi= Va^Hp+pJ^eik2  _ 

And  the  coordinate  transformations  between  u-v  and  x-z  are: 


u  =  zsin0  -  xcos0 

(2.6) 

v  =  zcos0  +  xsin0 

(2.7) 

In  Fig.  2.3,  E''s  denotes  the  electric  fields  on  the  crosstie  conductors  plane 
and  E2's,  the  fields  on  the  coplanar  waveguide  plane.  All  the  boundary  conditions 
are  incorporated  into  the  equivalent  circuits.  For  instance,  the  air  regions  (region  ! 
and  region  4)  are  represented  by  matched  loads.  After  matching  the  boundary 
conditions  and  mapping  the  spectral  domain  admittance  matrix  in  the  x-z  coordinates, 
the  spectral  domain  Green's  function  looks  like: 
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(2.8) 


The  details  of  the  spectral  domain  admittance  matrix  are  formaulated  in 
appendix  1. 

To  obtain  the  propagation  characteristics  of  the  structure,  Galerkin's  testing 
method  is  applied  on  Eq.  (2.8).  First,  the  unknown  electric  fields  at  the  conductor 
layers,  Ex''s,  are  expanded  into  known  basis  functions. with  unknown  coefficients  in 
the  following  fashion: 

E^(x,z)  =  X  Cn^WgJfe) 

rn.l  (2.9) 


And  the  Fourier  transform  of  these  are  substituted  into  Eq.  (2.8)  as: 

E‘(a,p)  =  X  Cm, C(a)g!(P) 

m.l  (2.10) 

The  chosen  basis  functions  will  be  elaborated  in  the  section  2.4  and  appendix 
II.  Galerkin's  method  is  then  applied  by  using  each  basis  function  as  a  testing 
function  .  Both  sides  of  Eq.(2.8)  are  multiplied  with  each  basis  function  and 
integrated  throughout  the  spectral  domain.  The  right-hand  side  terms  of  the  equations 
after  the  testing  procedure  will  be  equal  to  zero  due  to  Parseval's  theorem. 

Therefore,  after  the  Galerkin's  method  is  applied,  the  characteristic  equations 


look  like: 
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where  the  element  of  the  matrix  is  as 

A^=  £  f  fX'YT>’P-P-y)g|'g*rda 

n=-«°  J+. 


(2.11) 


(2.12) 


The  propagation  constant  is  obtained  by  setting  the  determinant  of  the  above 
matrix  equal  to  zero. 

2.3  The  Cascaded  Transmission  Lines 

From  the  sideview  of  the  crosstie-overlay  slow-wave  structure  as  shown  in 
Fig.  1.2,  we  can  represented  the  crosstie  overlay  slow- wave  structure  as  periodic 
cascaded  transmission  lines  with  each  period  consisting  of  two  sections:  (1)  section 
A,  the  one  with  crosstie  conductors  on  top  of  dielectric  overlay,  of  which  the  cross- 
sectional  view  is  shown  in  Fig.  1.3(a),  and  (2)  section  B,  the  one  without  crosstie 
conductors  on  top  of  the  dielectric  overlay,  of  which  the  cross-sectional  view  is 
shown  in  Fig.  1.3(b).  Therefore,  the  structue  can  be  represented  by  the  periodic 
cascaded  transmission  lines  equivalent  circuit  as  shown  in  Fig.  2.4. 

In  this  approach,  the  conventional  SDA  is  performed  to  obtain  the  propagation 
constants  and  characteristic  impedances  of  section  A  and  section  B  respectively.  The 
analysis  procedure  is  as  outlined  in  section  2.2  except  that  only  the  x-direction 
Fourier  transform  is  applied.  After  these  propagation  characteristics  of  these 
constituent  sections  are  attained,  Roquet's  theorem  is  applied  to  the  transmission 
matrix  of  the  cascaded  transmission  lines  in  Fig.  2.4.  In  this  figure,  the  length, 
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Fig.  2.4.  The  crosstie  overlay  slow-wave  structure  represented 
by  alternating  transmission  line  sections. 


propagation  constant,  and  characteristic  impedance  of  section  A  are  denoted  as  1a,  Ya- 
and  ZA  respectively,  and  those  of  section  B,  1B,  Yb,  and  Zb  .  The  length  of  a  period  d 
is  equal  to  1A+1B.  From  Floquet's  theorem,  the  voltage  and  current  wave  one  period 
apart  should  be  equal  to  each  other  execpt  a  propagation  phase  delay,  or: 


Vn.i=e-*V, 


(2.13) 


‘n+t 


!-*L 


(2.14) 


where  y  is  the  propagation  constant  of  the  periodic  structure. 

If  these  equations  are  written  in  the  transmission  matrix  form,  they  look  like: 


'Vn; 

e*  0 

'V„+I] 

r  a 

®unit 
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Jn+t  J 

1  C  • 

l  ^unit 

^unit  . 

.in+t 

where  the  unit  transmission  matrix  of  one  period  is  obtained  by  multiplication  of  the 
transmission  matrices  of  section  A  and  section  B: 


Aunii  ®unit 

C  D 

.  v-unu  unit 


AA 

CA  Ua 


ab  Bb  j 


cosh(YAlA)  ZAsinh(YAlA)  coshes)  ZBsinh(YBlB) 
YAsinh(YAlA)  cosh(YAlA)  YBsinh(YBlB)  cosh(YBlB) 


(2.16) 


Solving  Eq.  (2.15)  and  (2.16),  the  propagation  constant  of  the  periodic 
structure,  y,  can  be  obtained  from  the  dispersion  equation  of  the  periodic  structure: 

1  z  z 

cosh  (yd)  =  cosh(YAlA)cosh(YBlB)  +  +  =5-)sinh(YAlA)sinh(YBlB) 

1  ^B  ^A 


(2.17) 


Assume  the  lossless  case  is  under  consideration,  or  y=jP,  then  Eq.  (2.17) 


becomes: 

1  z  z 

cos(fkl)  =  cos(pAlA)cos(PBlB)  -  +  ^)sin(pAlA)sin(PBlB) 

1  Av  (2.18) 

The  characteristic  impedance  of  the  periodic  structure  at  the  end  of  a  unit  cell 
can  be  obtained  in  similar  fashion  by  solving  Eq.  (2.15)  and  (2.16): 

2B 

~  / - r - 2 - 

^unu  "  ^unil  ~  *  ^unit  +  ^unit  )  ^  (2.19) 

where  the  signs  represent  the  direction  of  the  propagation. 

2.3.2  Design  Equations 

For  circuit  design,  it  is  necessary  to  relate  the  propagation  characteristics  to 
the  size  of  the  circuit  directly.  From  the  dispersion  relationship  of  the  crosstie- 
overlay  slow-wave  structure.  Eq.  (2.18).  assuming  that  the  length  of  each  contituing 
section  is  small  compared  to  the  guided  wavciength  and  the  impedance  ratio  between 
the  two  constituent  sections  is  very  large,  which  are  the  operating  conditions  desired, 
we  arrive  at: 

Pa  Pb  !a  !B 
P=^ - - 

Pa  +  (2.20) 
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Finding  the  extremum  for  Eq.  (2.20)  by  differentiating  (3  with  respect  to  1A 
and  Ig,  respectively,  the  maximum  slow-wave  factor  that  can  be  achieved  is  when 
1a=1b,  and  the  propagation  constant  under  this  condition  is: 


From  this  equation,  we  can  also  estimate  the  impedance  ratio  required  for  a 
designated  slow-wave  factor.  This  equation  combined  with  the  design  data  charts  of 
the  propagation  constants  and  characteristic  impedances  of  section  A  and  section  B. 
the  physical  sizes  of  required  circuit  can  be  obtained. 

2.4  Numerical  Considerations 


In  order  to  obtain  numerical  stability  and  save  numerical  expenses,  some 
measures  should  be  taken  when  performing  the  SDA.  Appropriate  considerations  of 
the  physical  conditions  required  and  discreet  implementations  of  these  conditions  into 
the  computer  program  not  only  guarantee  the  correctness  of  the  numerical  solutions 
but  also  expedite  their  convergence.  Also,  some  numerical  schemes  are  necessary  to 
save  the  execution  time  and  computer  memory. 

2.4.1  Choice  of  the  basis  functions 

The  choice  of  the  basis  functions  for  the  conductor  layers  is  very  important  in 
the  SDA  in  that  it  influences  the  convergence  and  correctness  of  the  solutions.  These 
basis  functions  should  comply  with  the  following  physical  and  mathematical 
conditions  (141,  [15]: 
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(1) They  should  satisfy  the  edge  conditions  at  the  edge  of  the  conductor  strip. 

(2) These  basis  functions  should  form  a  complete  set  of  bases  and  their  Fourier 
transform  analytically  obtainable. 

(3) To  avoid  the  spurious  modes,  the  basis  functions  should  be  twice  differentiable. 
With  the  above  conditions  in  mind,  the  following  are  suitable  basis  functions  : 

1.  Maxwell  functions 

2.  Legendre  functions 

3.  Localized  triangular  functions. 

The  definitions  of  these  basis  functions  are  explained  in  Appendix  n. 

In  the  2-D  SDA,  the  basis  functions  used  are  listed  in  Table  3.1.  In  the  ’  D 
SDA  of  the  cascaded  transmission  line  method,  the  Maxwell  funtions  are  used. 

2.4.2  Convergence  Considerations 

All  numerical  methods  should  be  performed  in  consideration  of  the  finiteness 
of  the  computer  resources,  and  the  spectral  domain  approach  is  no  exception. 
Specific  properties  of  the  problem  such  as  the  symmetry  of  the  characteristic  equation 
matrix,  the  reusable  basis  functions  during  iterations  are  taken  into  account  in  the 
programming  to  save  computation  time  and  assure  fast  convergence  of  the  solutions. 


x -direction 

z-direction 

E1  E! 

Localized 

triangular  functions 

Maxwell  functions 

Ex  E* 

Maxwell  functions 

Localized 

triangular  functions 

Table  2.1  Basis  functions  used  in  the  two-dimensional  SDA. 
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Another  concern  is  the  number  of  basis  functions  required  to  obatin  a 
convergent  solution.  A  hypothetical  convergence  chart  of  the  solution  versus  number 
of  basis  funcitons  is  shown  in  Fig.  2.5.  The  number  of  the  basis  functions  is 
increased  until  the  solutions  are  within  certain  range  of  error. 

2.5  Numerical  Results 

2.5.1  Preliminary  Results 

The  slow-wave  factor,  p/ko,  or  the  propagation  constant  normalized  by  the 
free  space  wave  number,  measures  the  effectiveness  of  the  slow-wave  structures. 
The  numerical  results  obtained  by  both  methods  discussed  in  previous  sections  are 
presented,  and  they  are  compared  with  experimental  results  whenever  available.  The 
convergence  check  mentioned  in  section  2.4  is  performed  to  determine  the 
convergence  of  the  numerical  results.  The  measurement  of  the  slow-wave  factors  is 
performed  on  an  HP  8510  vector  network  analyzer  by  the  phase  delay  method. 

The  slow-wave  factors  for  one  set  of  circuit  parameters,  obtained  both  by 
analysis  method  and  experiments,  are  shown  in  Fig.  2.6.  The  stopband  phenomenon 
of  the  crosstie-overlay  slow-wave  structure  is  demonstrated.  The  measured  and 
calculated  data  are  in  good  agreement. 

The  slow-wave  factors  for  another  set  of  parameters  of  the  circuit  with  thinner 
dielectric  are  also  presented  in  Fig.  2.7.  Numerical  data  obtained  by  both  methods 
are  again  in  good  agreement  with  the  measured  data. 


Fig. 2. 6.  The  slow-wave  factors  versus  frequency.  Dielectric  constant  of 
dielectric:  2.55.  Dielectric  constant  of  substrate:  10.2.  b  =  0.813 
mm.  t  =  0.635  mm.  1  A=  5  mm.  1B=  5  mm.  Measured  stopband: 
6.3-7. 1  GHz.  Calcualted  stopband:  Method  I,  6.4-7.0  GHz; 
Method  n  6.4-6. 8  GHz. 


Fig.  2.7  Slow-wave  factors  versus  frequency  for  thinner  dielectric  overlay. 
Dielectric  constant  of  dielectric  overlay:  2.1.  Dielectric  constant  of 
substrate:  10.2.  b  =  0.0254  mm.  t  =  0.635  mm.  s  =  1.2  mm.  w  = 
0.355  mm.  1 A  =  5  mm.  1 B  =  5  mm. 


b(mm) 

Method  I 

Method  13 

0.813 

2.25 

2.28 

0.1 

2.40 

2.38 

0.05 

2.82 

2.85 

0.01 

5.21 

4.76 

Table  2.2  The  slow-wave  factors  versus  thickness  of  dielectric 

overlay,  f  =  1GHz.  All  the  other  parameters  are  as  those 
of  Fig.  2.6. 
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The  slow-wave  factors  versus  thickness  of  the  dielectric  overlay  are  shown  in 
Table  2.2.  As  shown  in  Table  2.2,  when  the  thickness  of  the  dielectric  decreases,  the 
slow-wave  factor  increases.  This  is  expected  since  the  coupling  between  the 
conductor  layers  becomes  stronger  when  the  thickness  of  the  dielectric  becomes 
thinner.  Or  this  can  be  explained  from  the  cascaded  transmission  lines  model:  we  can 
see  that  the  impedances  of  the  low  impedance  sections  becomes  lower  when  the 
thickness  of  dielectric  decreases.  Therefore,  from  the  discussion  in  section  2.3.2, 
the  slow-wave  factor  should  increase. 

As  shown  in  the  above  discussions,  the  numerical  results  obtained  by  both 
methods  are  within  the  measurement  error  of  the  experimental  equipment.  Method  I. 
the  two-dimensional  spectral  domain  approach,  requires  much  more  numerical  effort. 
Besides,  method  II,  the  cascaded  transmission  lines  method,  is  more  suitable  for  the 
design  data  characterization  due  to  the  fact  that  it  can  relate  the  circuit  size  to 
propagation  characteristics  more  directly.  Therefore,  this  method  is  used  to  obtain  the 
design  data  chan  presented  in  the  following  sections 

2.5.2  Design  Data  Charts 

For  the  convenience  of  circuit  design  and  to  understand  the  properties  of  the 
crosstie-overlay  slow-wave  structures,  the  propagation  properties  of  the  constituent 
sections  (section  A  and  section  B)  and  the  structure  are  characterized  with  several 
circuit  parameters  in  this  section.  The  examples  shown  below  use  the  semi-insulating 
GaAs  (Er=12.9)  as  substrate  and  Si3N4  (£,.=6.5)  as  dielectric  overlay,  which  are  the 
most  commonly  used  materials  in  MMIC.  The  other  circuit  parameters  are  noted  in 
the  figures. 
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Fig.  2.8  shows  the  variations  of  the  slow-wave  factors  of  section  A  and 
section  B  with  respect  to  the  thickness  of  the  dielectric  overlay  and  the  coplanar 
waveghide  aspect  ratio,  s/(s+2w).  As  shown  in  these  figures,  the  thickness  of  the 
dielectric  overlay  does  not  affect  the  propagation  constant  of  section  A  and  section  B. 
The  aspect  ratio  affects  the  propagation  constants  of  section  B  more  than  those  of 
section  A.  Fig.  2.9  shows  the  variations  of  the  characteristic  impedances  of  section  A 
and  section  B  with  respect  to  the  thickness  of  the  dielectric  overlay  and  the  aspect 
ratio.  The  impedances  of  section  A  and  section  B  are  very  different  as  shown.  The 
high  impedance  ratio  makes  the  slow-wave  propagation  possible.  The  impedances  of 
both  sections  decreases  with  larger  aspect  ratio.  Also,  the  thickness  of  the  dielectric 
overlay  affects  more  the  impedance  of  section  A.  The  impedance  variation  of  section 
A  with  respect  to  the  aspect  ratio  covers  a  wide  range,  which  is  very  useful  in  circuit 
design.  These  data  chan  combined  with  the  design  equations  in  2.3.2  can  determine 
the  physical  parameters  of  the  circuit  desired. 

Fig.  2.10  shows  the  slow-wave  factors  of  the  crosstie-overlay  slow-wave  structure 
with  different  dielectric  overlay  thicknesses  and  aspect  ratio.  The  slow-wave  factors 
increases  as  the  thickness  of  the  dielectric  overlay  decreases,  as  explained  in  sec  2.3. 
Fig.  2.11  shows  the  effect  of  the  duty  cycle,  Ia/Ia+^b.  on  the  slow-wave  factors  of 
the  structure.  As  expected,  when  1a=1b>  the  slow-wave  factor  is  at  maximum. 


Fig.  2.9  The  impedances  of  (a)  section  A  and  (b)  section  B. 
The  physical  parameters  are  as  those  of  Fig.  2.8. 


Fig.  2. 10  The  slow-wave  factors  of  the  crosstie-overlay  slow-wave 
structures.  The  other  physical  parameters  are  as  those  of 
Fig.  2.8,  unless  specified. 


Fig.  2.1 1  The  effect  of  the  duty  cycle  on  the  slow-wave  factors 
of  the  crosstie-overlay  slow-wave  structure.  The 
physical  parameters  are  as  those  of  Fig.  2.8,  unless 
specified. 


CHAPTER  3:  A  MODIFIED  STRUCTURE 


3.1  Considerations  of  Conductor  Loss 

As  seen  in  chapter  2,  the  slow-wave  effect  of  the  crosstie-overlay  slow-wave 
structure  increases  as  the  thickness  of  the  dielectric  overlay  decreases  due  to  the  fact  that 
the  coupling  between  the  two  conductor  layers  becomes  stronger.  Therefore,  in  order 
to  achieve  better  slow-wave  propagation,  the  thickness  of  the  dielectric  should  be  as 
thin  as  possible.  Yet,  an  examination  of  the  conductor  loss  reveals  that  the  conductor 
loss  of  this  structure  also  increases  with  the  decrease  of  the  thickness  of  the  dielectric 
overlay.  In  this  section,  a  method  of  estimation  of  the  conductor  loss  will  be  presented. 
After  the  behavior  of  the  conductor  loss  is  studied,  the  crosstie  overlay  structure  is 
modified  to  reduce  the  conductor  loss. 


The  following  method  is  based  on  the  incremental  inductance  rule  in  [  16).  For 
a  conductor,  the  surface  impedance,  Zs  (=Rs+jXs),  has  equal  real  and  imaginary  parts, 
that  is 


Rs=X,=0)Li 


(3.1) 


The  incremental  inductance,  Li ,  is  obtained  by  the  increase  of  the  external 
inductance,  L,  due  to  the  recession  of  the  metal  walls.  This  situation  is  shown  in  Fig. 
3.1.  The  amount  of  recession  is  equal  to  half  of  the  skin  depth,  8.  Therefore, 
according  to  [16],  that  is 


_  y  Mm  8L 
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(3.2) 
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Fig.  3.1  The  recession  of  the  metal  wall  in  (a)  section  A  and  (b) 
section  B. 
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(3.7) 

(3.8) 

(3.9) 

(3.10) 

(3.11) 


(3.12) 


From  Eq.(3.6),  Eq.  (3.7),  and  Eq,  (3.12),  we  can  obtain  the  conductor  loss  of 


the  transmission  lines. 


s+2w 


(b) 

Fig.  3.2  The  conductor  loss  of  the  constituent  sections:  (a) 
section  A  and  (b)  section  B. 
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The  attenuation  constants  of  section  A's  and  section  B's  with  the  circuit 
parameters  varied  are  shown  in  Fig.3.2  (a)  and  Fig  3.2(b),  respectively.  The  materials 
and  physical  sizes  used  are  the  same  as  those  of  Fig.  2.8,  except  otherwise  noted.  The 
conductor  in  these  figures  in  Au,  with  thickness  of  1.5(im.  As  shown  in  these  figures, 
the  conductor  loss  of  section  A,  which  dominates  the  loss  of  the  periodic  structure, 
becomes  larger  with  thinner  dielectric  overlay.  Therefore,  we  need  to  find  a  modified 
structure  to  reduce  the  loss  and  to  retain  the  slow-wave  factor  at  the  same  time. 

3.2  The  Modified  Structure 

Since  the  crosstie-overlay  slow-wave  structure  is  too  lossy  to.be  used  as  a 
practical  circuit  element,  the  structure  is  modified  to  reduce  the  conductor  loss.  From 
the  discussion  in  section  3.1,  the  thickness  of  the  dielectric  overlay  should  be  increased 
to  reduce  the  conductor  loss.  Yet,  this  will  reduce  the  slow-wave  effect  at  the  same 
time  from  the  discussion  in  chapter  2.  A  close  inspection  of  the  slow-wave  mechanism 
of  the  crosstie-overlay  slow-wave  structure  reveals  the  remedy.  From  the  discussion  in 
chapter  2,  the  slow-wave  effect  in  the  structure  comes  from  the  periodic  loading  of  low- 
impedance  transmission  line  sections  (section  A's).  Also  expressed  in  Eq.(2.21),  the 
slow-wave  factor  is  proportional  to  the  square  root  of  the  impedance  ratio  between 
section  A  and  section  B.  Therefore,  in  order  to  increase  the  impedance  ratio  between 
these  two  sections,  the  uniform  coplan ar  waveguide  in  the  original  structure  is  replaced 
with  a  zig-zag  coplanar  waveguide  as  shown  in  Fig.3.3.  To  decrease  the  impedance  of 
section  A,  the  center  conductor  of  the  coplanar  waveguide  in  section  A  is  changed  to  a 
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Fig.  3.3(a)  The  perspective  view  of  the  modified  structure. 
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wider  strip  and  the  gap  between  the  center  strip  and  the  ground  plane  is  replaced  with  a 
thinner  gap.  The  reverse  is  done  for  section  B  to  increase  the  impedance. 

To  demonstrate  the  slow-wave  propagation  in  the  modified  crosstie-overlay 
structure,  a  circuit  as  shown  in  Fig.  3.3  is  fabricated.  The  calculated  and  measured 
slow-wave  factors  are  shown  in  Fig.  3.4.  The  conductor  loss  of  an  original  structure 
of  equal  slow-wave  factor  is  shown  in  Table  3.1.  To  obtain  the  same  slow-wave 
effect,  the  original  structure  is  about  five  times  as  lossy  as  the  modified  structure.  To 
demonstrate  the  slow-wave  effect  of  the  modified  structure,  the  slow-wave  factors  of  a 
uniform  coplanar  waveguide  transmission  line,  a  periodic  coplanar  waveguide,  the 
original  and  modified  crosstie-overlay  slow-wave  struture  are  compared  in  Table  3.2. 

For  the  design  data,  the  slow-wave  factor  and  conductor  loss  of  a  modified 
structure  with  GaAs  as  substrate  and  S^N,*  as  dielectric  overlay  are  shown  in  Fig.  3.5. 
A  comparison  of  the  quality  factors,  Q's,  of  the  modified  and  the  original  crosstie- 
overlay  slow-wave  structure  is  shown  in  Fig.  3.6. 
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Frequency  (GHz) 


•  Measured 
□  Calculated 


Fig.  3.4  Slow-wave  factors  versus  frequency  of  the  modified 
crosstie  overlay  slow-wave  structure.  Dielectric  of 
dielectric  overlay:  2.1.  Dielectric  of  substrate:  2.55. 
Section  A:  s=3.0mm,  w=0.2mm,  l=2mm.  Section  B: 
s=0.2mm,  w=  1.6mm,  l=2mm. 


|3/  k  o 

a  (dB/mm) 

Modified  Structure 

7.00 

0.0223 

Original  Structure 

6.97 

0.13 

Table  3.1  Comparison  of  the  crosstie  overlay  structures.  The  meterials  are  as 
thosed  used  in  Fig.  3.4.  For  the  original  structure,  s  =  1.2  mm,  w 
=0.355  mm,  t  =  0.006  mm. 
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P/ko 

Section  A 

1.45 

Section  B 

1.30 

Periodic  CPW 

1.53 

Periodic  crosstie 

2.92 

Periodic  CPW 

4- 

Periodic  crosstie 

7.00 

Table  3.2  Comparison  of  the  slow-wave  factors  of  different 
structures. 
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a 

(dB /mm) 


Fig.  3.5  The  slow-wave  factor  and  attenuation  constant  versus  duty 
cycle  of  the  modified  crosstie-overlay  slow-wave  structure. 
f=10GHz.  b=0.01mm.  Section  A:  s=3.0mm,  w=0.2mm. 
Section  B:  s=0.2mm,w=1.6mm.  All  the  other  physical 
parameters  are  as  those  of  Fig.  2.1 1. 
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Fig.  3.6  Comparison  of  the  quality  factors  of  the  modified  and  original 
crosstie-overlay  slow-wave  structure.  The  physical  parameters 
for  the  modified  structure  is  as  those  of  Fig.  3.5.  The  physical 
parameters  for  the  original  are  the  same  except:  b=0.001mm, 
s=2.6mm,  w=0.4mm. 


CHAPTER  4:  CIRCUIT  APPLICATIONS 

4.1  Introduction 

After  the  propagation  characteristics  of  the  crosstie-overlay  slow-wave 
structures  have  been  studied  in  chapter  2  and  chapter  3,  two  circuit  applications  of  the 
structure  will  be  presented  in  this  chapter:  (1)  the  design  of  a  distributed  Chebychev 
bandstop  filter,  which  will  be  introduced  in  section  4.2,  and  (2)  the  leaky-wave 
periodic  antenna,  which  will  be  elaborated  in  section  4.3.  The  crosstie-overlay  slow- 
wave  structures  are  used  as  transmission  lines  in  these  circuits  to  reduce  the  circuit 
sizes. 

4.2.1  Circuit  Application  I:  Slow-wave  Chebychev  Bandstop  Filter 

The  design  procedure  of  slow-wave  Chebyshev  bandstop  filters  begins  with 
designing  an  appropriate  transmission-line  prototype  circuit  which  uses  equal  electrical 
length  transmission  line  sections  as  shown  in  Fig.  4.1 .  This  prototype  distributed  filter 
consists  of  n  slow-wave  transmission-line  sections;  each  section  is  one  quarter 
wavelength  at  the  stopband  center  frequency  with  the  characteristic  impedances  chosen 
to  produce  desired  filter  response.  The  following  procedure  for  the  prototype  circuit  is 
based  on  the  synthesis  procedure  for  a  Chebyshev  bandstop  filter  developed  in  [18], 
which  in  turn  is  a  modified  procedure  for  the  step- impedance  transformer  developed  in 
[19]. 

Let  us  assume  that  Fig.  4.2  is  the  attuenuation  response  of  the  circuit  in  Fig. 
4.1.  This  idealized  attenuation  response  can  be  defined  in  terms  of  Chebyshev 
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polynomials  of  degree  n,  the  bandwidth,  and  the  maximum  stopband  VSWR  Smax,s 
The  insertion  ioss  (IL)  of  an  n-section  Chehyshev  bandstop  filter,  is 


IL=101ogJ 


(S  -1) 
^  max.s  J 


4  S 


(dB) 


(4.1) 


where  Tn(x)  is  the  Chebyshev  polynomial  of  degree  n.  Smax.s  is  the  maximum 
stopband  VSWR,  0]  is  the  electrical  length  of  each  section  at  the  lower  stopband  edge 
frequency  fl  defined  in  Fig. 4. 2,  and 

0,=  f-~.  (4-2) 

1  ‘o 


Smax.s  can  be  defined  as  the  product  of  the  junction  VSWR's 
S  =V,V, . V  . 

max.s  12  n+l 


(4.3) 


where  Vj  is  the  junction  VSWR  of  the  ith  junction  given  by 


(4.4) 


Here,  an  appropriate  sign  should  to  be  chosen  in  order  to  have  Vj  greater  than 
one  since  the  values  of  Zj  alternate  up  and  down. 
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The  sections  required,  n,  can  be  determined  in  the  following  fashion  once  0j 
(the  fractional  bandwidth),  Smax,s  (the  maximum  stopband  VSWR)-  and  Smax,p  (the 
maximum  passband  VSWR)  are  given.  From  Eq.(4.1),  evaluation  of  the  insertion  loss 
at  0=8i  gives 


IL  9=0  =101oS 


iq 


1  +■ 


( S  -if 

^  max,s  J 


4S 


(4.7a) 


=  101og 


10  .  !  I  2 

1_  Pmax.p 


(4.7b) 


where  I  Pmax,p '  is  the  magnitude  of  the  maximum  passband  reflection  coefficient  and 
is  given  by 


max, p| 


S  -1 

max,p 

s  +r 

max.p 


(4.8) 


Equation  (4.7b)  can  also  be  written  in  a  form  similar  to  (4.7a),  that  is, 


2 

1  I2 

:e  =  101oM 

,  ,  J  Pmax,p  j 

2 

1 

k  Pmax.p 

(4.9) 


From  (4.7a)  and  (4.9),  the  sections  required  can  be  expressed  as: 
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n  =  - 


cosh's 


cosh" 


sin0. 


(4.10) 


where 


(4.11) 


After  the  required  n  is  calculated  by  (4.1 1)  for  given  specifications,  we  need  to 
calculate  the  junction  VSWR's  V;  or  the  normalized  section  impedances  Zj.  For  the 
purpose  of  an  approximate  synthesis,  as  done  in  [20]  for  the  case  of  a  step-transformer, 
we  assume  that  impedance  steps  are  so  small  that  the  reflection  interaction  between 
steps  can  be  neglected  in  the  prototype  circuit  in  Fig. 4.1.  Then  the  total  reflection 
coefficient  of  the  reflector  prototype  referred  to  at  the  center  of  the  reflector  structure  is 
expressed  as  follows: 


p  =  A,ejne-A2e)(n-2)0, 


(4.121 


where  the  A)  s  are  the  junction  reflection  coefficient  magnitudes,  which  are  given  by 
fori=l,2, - ,n+l.  (4.13) 


Z  -Z  . 

A,=±  ‘  >0 


z  +z  . 

1  1-1 

The  magnitude  of  the  step  reflections  are  assumed  to  be  symmetrical,  i.e., 
Al=An+i,  A2=An,  etc..  Therefore,  for  n  odd 


(4.14) 


and  for  n  even 
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\AV  when  n=0 


p  =  ’ when  ^2- 


(4.15) 


k=0 


n+2 

2 


In  order  to  obtain  Chebyshev  passbands,  p  in  (4.14)  or  (4.15)  is  set  to  be  equal 
to  a  Chebyshev  polynomial  aTn(x),  where  a  is  a  constant  which  need  not  be  explicitly 
evaluated  and 


sin0 

sin0. 


(4.16) 


Following  the  evaluation  procedure  for  Ai's  outlined  in  [18),  we  are  able  to 
determine  the  junction  reflection  coefficient  magnitude  ratios: 


A1:A2:‘ 


':An+i  ara2:' 


•  :a 


n  +  l 


(4.17) 


where  aj=Aj/A].  Assuming  the  impedance  steps  are  small,  (4.13)  can  be  written 
approximately  as 


1  z 

A  =±  -In—!-  >0. 
1  2  Z  , 


(4.18) 


Substituting  (4.18)  into  (4.17)  and  the  impedance  ratios  can  be  obtained  by. 

Z_  1 


ln- 


■"i-l 


'  z,  z. 

ln-Lfln-i 
Z„  Z, 


at+a2+- 

'  Z,  z, 

In— -+ln— — t 

L  Z0  Z2 


ai  +  a2+' 


n+l  l 


•+a 


n+l 


•+ln- 


n+l  ' 


■+a 


n  +  i 


for  n  odd 


for  n  even 
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Neglecting  the  higher  order  reflections  in  each  impedance  step  as  well  as  using 
the  approximation  in  (4.18)  can  introduce  some  errors  in  the  above  design  procedure  to 
obtain  the  Zi/Zi-i  ratios.  These  errors  include  the  bandwidth  and  the  passband  ripple 
size  descrepency.  In  order  to  reduce  such  errors,  the  above  design  procedure  should  be 
modified.  From  (4.1),  it  can  be  shown  that  the  input  reflection  coefficient  for  an  exact 
Chebyshev  bandstop  reflector  design  is 


S  -1 

max.s 


sin8 


sin0. 


(4.20) 


The  corresponding  approximate  equation  which  is  consistent  with  ignoring 
higher  order  reflections  is 


Pa=-jln(Smax,s)- 


sin0  \ 

T 

n 

isin0J 

_ 

1 

Tn 

sinej 

A  correction  was  introduced  by  making  the 
same  at  the  band  edge.  By  replacing  8  j 
Pa  i  8=8 1  =Pe  1 8=8 1 »  we  get 


ripple  sizes  of 
with  8 1  in 


(4.21) 


(4.20)  and  (4.21)  the 

(4.21)  and  setting 


5] 


0 .  =sin 


coshl 


cosh’  S  -ii 
— - cosh 


cosh  S 


1 

sin0 


(4.22) 


where  S  is  given  in  (4.11),  0]  is  given  in  (4.2),  and 
,  ,n(  S  ) 

'  in^  max.s^ 

=“s 

max.p 


(4.23) 


Parameter  0  j  ’  calculated  using  (4.22)  is  then  used  in  place  of  0]  in  (4.16)  to 
generate  all  the  junction  reflection  coefficients. 


To  determine  the  length  of  each  line  section,  we  require  that  each  section  is 
equal  to  quarter  wavelength  at  the  stopband  center  frequency,  fo,  or  expressed  as: 


radians,  i=l,2, . ,n 

1  1  f=fo  2 

where  6;  is  the  propagation  constant  of  section  i  at  frequency  fo- 


(4.24) 


In  summary,  in  the  design  procedure  stated  above,  the  following  specfications 
are  given  to  obtain  a  Chebyshev  response: 

(1)  The  stopband  maximum  VSWR,  Smax  s. 

(2)  The  passband  maximum  VSWR,  Sm„,p. 

(3)  The  stopband  fractional  bandwidth. 


(4)  The  stopband  center  frequency. 
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The  following  desired  design  parameters  are  obtained  from  the  above 
specifications: 

(1)  Sections  of  quarter-wavelength  transmission  lines  needed. 

(2)  Impedance  ratios. 

(3)  Load  impedances  (assumed  to  be  1  Ohms  in  the  prototype  circuit). 

(4)  Lengths  of  the  quarter- wavelength  transmission  lines. 

4.2.2  Circuit  Example 

In  this  section,  a  Chebychev  bandstop  filter  suitable  for  the  MMIC  is  designed 
by  the  procedure  outlined  in  section  4.2.1  with  the  following  circuit  specifications  : 

(1)  Stopband  center  frequency:  5  GHz. 

(2)  Fractional  bandwidth:  0.25. 

(3)  Stopband  maximum  attenuation:  10  dB 

(4)  Passband  maximum  attenuation:  0.5  dB. 

After  the  synthesis  outlined  in  section  4.2.1  is  carried  out,  15  sections  are 
needed  for  the  bandstop  filter.  And  the  impedances  required  for  each  section  are,  with 
the  input  impedance  equal  to  13  Q: 

Z!=21.90  ft,  Z2=18.91  ft,  Z3=22.27  ft,  Z4=18.63  ft,  Z5=22.55  ft,  Z6=18.45  ft, 
Z7=22.70  ft,  Zg=18.39  ft. 
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The  filter  is  a  symmetrical  structure.  Therefore,  the  rest  of  the  impedance 
sections  need  not  to  be  reiterated. 

A  3-section  impedance  transformer  is  also  designed  to  transform  the  input 
impedance  from  13  Cl  to  50  £2  used  in  most  measuring  systems.  The  impedances  of 
these  transformer  sections  are:  17.88  £2,  25.49  £2,  and  36.36  £2. 

The  frequency  response  of  the  designed  bandstop  filter  is  shown  in  Fig.  4.3. 
Here,  the  substrate  used  is  GaAs  with  thickness  of  20  mils  and  the  dielectric  overlay  is 
Si3N4with  thickness  of  1  mil.  The  propagation  constant  and  the  characteristic 
impedance  are  calculate  by  the  method  developed  in  chapter  2.  The  conductor  loss, 
calculated  by  the  method  develop  in  chapter  3,  is  also  included  in  the  circuit  design. 
Since  the  synthesis  procedure  is  for  lossless  case  only,  an  estimate  of  the  insertion  loss 
shift  is  necessary  for  accurate  circuit  design.  The  formula  developed  in  [21]  is  used  to 
estimate  the  insertion  loss  at  passband.  At  f  =  10GHz,  the  estimated  insertion  loss  is 
2.4dB  and  the  simulated  loss  in  Fig. 4. 3(a)  is  2.7dB. 

For  comparison,  the  same  specifications  are  used  for  a  bandstop  filter  with  the 
original  crosstie  overlay  slow-wave  structure.  The  circuit  performance  is  as  shown  in 
Fig. 4.3(b).  As  shown  in  these  figures,  the  modified  structure  reduces  the  conductor 
loss  and  makes  the  circuit  useful. 

4.3  Frequency  Scanning  Antenna 


4.3.1  Design 
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Frequency  (GHz) 


Fig.  4.3(a)  The  insertion  loss  and  return  loss  of  the  bandstop  filter  with  the 
modified  crosstie-overlay  slow-wave  structure.  Section  A: 
s=3.0mm,  w=0.2mm.  Section  B:  s=0.1mm,  w=  1.65mm.  All 
the  other  physical  parameters  are  as  those  of  Fig.  2.11. 
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Travelling-wave  antenna  arrays  with  frequency-scanning  feature  based  on 
microstrip  line  have  been  shown  to  be  successful  [22],  [23].  The  basic  idea  of 
these  designs  is  to  perturb  the  uniform  transmission  line  at  equal  distances  (usually 
one  guided- wavelength)  to  create  the  radiation  source.  Therefore,  the  feed  and  the 
radiation  antenna  are  integrated  in  the  same  circuit. 

In  this  circuit,  the  transmission  lines  in  the  travelling-wave  antenna  are 
replaced  with  crosstie-overlay  slow-wave  transmission  lines  to  reduce  the  circuit 
size  since  the  frequency-scanning  arrays  usually  require  a  long  transmission  line. 
This  antenna  also  has  the  feature  that  small  change  in  frequency  can  steer  the  main 
beam  widely. 

The  antenna  is  as  shown  in  Fig.4.4  and  the  picture  of  the  dissembled 
antenna  in  Fig.  4.5.  This  antenna  is  a  doubly  periodic  structure.  A  periodic  zig¬ 
zag  coplanar  waveguide  couples  the  energy  into  the  radiating  resonators.  To  create 
slow-wave  transmission  lines,  a  layer  of  dielectric  overlay  and  crosstie  conductors 
are  placed  on  top  of  the  periodic  coplanar  waveguide.  The  leaky-wave  stopband 
and  the  slow-wave  propagation  of  periodic  structures  are  utilized  for  radiation  and 
for  slow-wave  transmission  lines  respectively.  The  length  of  a  period  of  the 
crosstie-conductor  is  made  to  be  much  smaller  than  the  guided  wavelength  to  make 
it  fall  into  the  operating  range  of  dispersionless  transmission  line.  The  period  of 
the  periodic  antenna  are  made  one  guided  wavelength  at  the  desired  broadside- 
radiating  frequency.  This  frequency  falls  into  the  leaky-wave  stopband  region,  or 
point  B  in  the  k-p  diagram  as  shown  in  Fig.  1.4.  The  main  beam  direction  of  a 
leaky-wave  antenna  is  as  shown  in  Fig.  4.6: 


crosstie  conductors 


Fig.  4.4  The  anatomical  view  of  the  frequency-scanning  antenna. 

This  structure  is  a  doubly-periodic  structure.  The  zig-zag 
coplanar  waveguide  is  the  bigger  period  and  the  smaller 
crosstie  conductor  periodic  structure  provides  the  slow-wave 
transmission. 


Fig.  4.5  The  picture  of  the  antenna  circuit. 


i 
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.  „  P  2n 
Sine  =  —  -  r— r 
k0  k0d 


(4.25) 


•Although  it  is  usually  avoided  in  the  circuit  design,  it  is  used  here  to  steer 
the  main  beam  for  demonstration  of  the  frequency-scanning.  The  antenna  are 
tapered  as  in  [24]  to  obtain  better  sidelobe  performance. 


For  the  slow-wave  transmission  lines,  the  dispersion  relationship  in  section 
2.3  for  the  periodic  transmission  lines  is  used  to  calculate  the  propagation  constant 
of  each  section.  After  the  propagation  constant  of  each  section  is  obtained,  each 
resonant  elements  is  made  to  be  half  wavelength  at  the  desired  frequency. 

4.2.2  Measurement 


The  coplanar  waveguide  and  crosstie  conductors  are  fabricated  on  a  woven 
PTFE  substrate  with  thickness  of  30  mils  and  dielectric  constant  of  2.55.  Five 
radiation  resonators  are  used.  The  total  length  of  the  antenna  circuit  is  45.8mm.  The 
dielectric  overlay  used  is  Cuflon  with  the  thickness  of  1  mil  and  dielectric  constant  of 
2.1.  The  antenna  is  designed  to  radiate  into  the  broadside  direction  (normal  to  the 
antenna  array)  at  6.22  GHz.  The  actual  measured  frequency  is  6.77  GHz.  The 
calculated  and  measured  radiation  pattern  for  this  case  is  shown  in  Fig.  4.7.  To 
demonstrate  the  slow-wave  propagation,  the  insertion  loss  and  return  loss  of  the 
antenna  circuit  without  and  with  the  crosstie-conductors  and  dielectric  overlay  are 
shown  respectively  in  Fig.  4.8(a)  and  Fig.  4.8(b).  We  can  see  from  these  figures  that 
the  first  stopband  has  shifted  to  lower  frequency  in  Fig.  4.8(b)  with  the  crosstie- 
overlay  attached.  The  antenna  without  the  crosstie-conductors  and  dielectric  overlay 
radiates  into  the  broadside  direction  at  19.9  GHz.  This  shows  that  the  crosstie-overlay 


has  the  effect  of  reducing  the  size  of  the  circuit  three  times.  The  frequency  scanning 
feature  of  this  antenna  is  also  examined  by  changing  the  frequency.  The  results  are 
listed  in  Table  I. 


Frequency  (OHi) 

(b) 


Fig.  4.8  The  frequency  response  of  the  antenna  circuit: 

(a)  without  and  (b)  with  crosstie  conductors  and 
dielectric  overlay. 
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Measured 
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12.5° 

11.0  0 

7.4 

17.5  ° 

15.0° 

Table  4. 1  Comparison  of  the  measured  and  the  calculated 
direction  of  the  main  beam  versus  frequency. 


CHAPTER  5:  CONCLUSIONS 


In  this  dissertation,  we  have  presented  the  analysis  and  applications  of  the 
crosstie-overlay  slow-wave  structure.  The  slow-wave  propagation  in  this  structure  is 
predicted  by  analysis  and  confirmed  by  experiments.  The  slow-wave  property  makes 
the  crosstie-overlay  structure  a  very  suitable  passive  circuit  element  for  monolithic 
micorwave  integrated  circuits.  In  the  modified  structure,  the  conductor  loss  is  reduced 
to  make  the  crosstie-overlay  structure  a  practical  circuit  element.  The  circuit 
applications,  namely,  the  slow-wave  Chebychev  bandstop  filters  and  the  frequency 
scanning  antenna,  demonstrate  the  slow-wave  property  of  the  structure.  These 
prototype  design  can  be  generalized  according  to  the  required  specfications. 

There  are  several  applications  worthy  of  further  investigation  that  are  extentions 
of  the  applications  mentioned  above.  For  example,  two  paralleled  coupled  bandstop 
filters  can  produce  a  bandpass  fitler,  as  mentioned  in  [25].  Also,the  radiation  elements 
in  the  frequency  scanning  antenna  can  be  replaced  with  the  slot  dipole  antenna  as  in 
[26].  These  antenna  arrays  have  the  feature  of  high  VSWR;  therefore,  they  can  serve 
as  reflector  of  an  oscillator  and  the  radiation  element  of  the  antenna  at  the  same  time. 
This  approach  of  circuit  application  can  integrate  the  source  and  the  radiation  element 
into  one  circuit  as  shown  in  [24], 
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APPENDIX  I:  SPECTRAL  DOMAIN  GREEN'S  FUNCTION 


=  Yj,1  sin20  +  Y*1  cos20 
Y*  =Y»  =  (Yj1  -  Y*1)  sin0  coS0 
y“  =  y"  sin20  +  y"  cos20 


(A.I.l) 
(A. 1.2) 
(A.I.3) 


Yxx  =  Y;2  sin20  +  Y^2  cos20 
Y«=Yxx  =  (Yi2-Yi2)  sin0  cos0 
Y^  =  Y„2  sin20  +  Y*2  cos20 

Yxx  =  Y21  sin20  +  Y21  cos20 
Y^  =Y^x  =  (Y21  -  Y21)  sin0  cos0 
Y^  =  Y21  sin20  +  Y21  cos20 


(A.I.4) 

(A.I.5) 

(A.I.6) 

(A.I.7) 

(A.I.8) 

(A.I.9) 


Yfx  =  Y22  sin20  +  Y22  cos20 
Y^  =Y?,x  =  (Y22  -  Y22)  sin0  cos0 


(A.I.10) 
(A.I.l  1) 
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Y^  =  Y22  sin20  +  Y22  cos20 


where 


Yy'  =  YTM4  +  YTM3coth(y3b) 

(A.I.13) 

Y^1  =  YTE4  +  YTE3coth(y3b) 

(A.I.14) 

Yj,2  =  Y21  =  -YTM3sinh(Y3b) 

(A.I.15) 

Yi2  =  Y21=-YTE3sinh(Y3b) 

(A. 1.16) 

v22  YTM2(YTMi+YTM2tanh(Y2h)) 

Yv  =  +  YTM3coth(Y3b) 

ytm2+ ytm  1  tanh(Y2h) 

(A.I.17) 

Y22  =  YTE2(YTE!+YTE2tanh(Y2h»  + 

YTE2+YTEltanh(72h) 

(A. 1. 18) 

APPENDIX  II:  BASIS  FUNCTIONS 


1.  Maxwell  functions: 


Mj,(x)  = 


MCX 

cos( - ) 

w 


(f)2-x2 


w  w 
—  <x<— 
2  2 


m;(x)  = 


•  /nJKN 

sm( - ) 

w 


2 

2 

(y)  -X 


w  .  w 
—  <x<— 
2  2 


(A.II.l) 


(A.11.2) 


The  Fourier  transforms  of  these  functions  are: 

.....l,  ..  tc  f  nn  aw  ntt  aw  I 
FfMJx))  =  —  |J0(-y  +  — )  +  Jo(y - y)  | 

rc  /  n7t  aw  ntt  aw  I 
F(Mn(x))  =  —  ^J0(y-  +  — )  •  -Wy - y)  | 


(A.n.3) 

(A. 11.4) 


where  F(.)  denotes  Fourier  transform,  a  is  the  Fourier  transform  variable,  and  Jo  is 
first  kind  Bessel  function  of  zeroth  order. 


2.  Triangular  function 

A(x)  =  1  -  —  (KxSa 
a 

=  1  +  —  -a<x<0 

a  (A.II.5) 

The  Fourier  transform  of  this  function  is: 
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F(A(x))  =  a  sinc2(y) 


3.  Legendre  polynomials: 


The  Fourier  transform  of  this  function  is: 

F(Pn(x))  =  2(j)nyn(a) 

where  Jn  is  the  spherical  Bessel  function  of  n-th  order. 


(A.11.6) 


(A.II.7) 


(A. II. 8) 
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